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ABSTRACT 
Highly crystalline tungsten doped indium oxide (In2O3) films are synthesized at room temperature by RF 
magnetron sputtering technique. The structural and morphological properties of the as-deposited films and the 
films annealed at a temperature of 300°C are investigated in detail. XRD analysis reveals the presence of cubic 
bixbyite structure with preferred orientation along (222) plane for both the as-deposited and annealed films. 
Moderate tungsten doping (1 wt%) enhances the crystallinity of the as-deposited In2O3 films whereas the 
crystallinity of the films systematically decreases with increase in tungsten doping concentration beyond 1 wt%. 
Raman spectral analysis discloses the modes of cubic bixbyite In2O3 phase in the films. AFM micrographs show 
a smooth and dense distribution of smaller grains in the films.  XPS reveals the existence of W5+ in the doped 
films. The undoped film is highly oxygen deficient. Variation in the concentration of oxygen vacancy can be 
associated with the degree of crystallinity of the films.  
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Introduction  
Metal oxide materials in the nanoscale have emerged as vital components in micro/nanoscale devices due to 
their astounding physical and chemical properties which are dependent on their shape, size/dimensionality, 
morphology, crystallographic orientation, high transmittance/reflective properties, high conductivity, wide band 
gap, etc. [1-3]. Among these, indium oxide (In2O3) and indium oxide based thin films have great technological 
applications owing to their various fascinating aspects including high visible transparency, good electrical 
conductivity, long-term stability and higher catalytic properties [4-6]. Apart from their widespread applications 
in electrooptic modulators, low-emissivity windows, solar cells, flat-panel displays, gas sensors, electrochromic 
mirrors etc. [7-9], impurity added In2O3 is found to be suitable as dilute magnetic semiconductors for spintronic 
applications [10,11]. In2O3 can exist in two different crystal structures namely cubic bixbyite structure and 
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rhombohedral structure [12]. In2O3 films prepared using different deposition methods may be single crystalline-
like or polycrystalline but they mostly possess the cubic bixbyite structure independent of the substrate used 
[13]. The cubic bixbyite In2O3 structure is thermodynamically stable while the rhombohedral phase is the 
metastable phase [14,15]. The formation of rh-In2O3 requires high temperature and pressure conditions [12]. 
Intrinsic defects (oxygen vacancies, interstitials etc.) in the undoped film can alter its properties. Doping with 
suitable dopant material is one of the ways to improve its properties [16]. Tungsten with a lower ionic radius 
and higher oxidation state compared to In3+ cation can be a good dopant for In2O3 lattice. It is reported that 
tungsten doped indium oxide films have high mobility, low electrical resistivity and high transparency in the 
visible and near infrared region [17-22]. Structural properties can affect the quality of thin films thereby 
modifying their optical, electrical, sensing properties etc. Thus, these characteristics play a prime role in the 
technological point of view as these are needed to fabricate films with desired properties [23]. To the best of our 
knowledge, there are no reports on the effect of tungsten doping concentration on the structural properties of RF 
sputtered In2O3 films prepared at room temperature in argon (Ar) ambience. Yan et al., reported the effect of RF 
power on tungsten and titanium doped In2O3 films fabricated using RF magnetron sputtering at room 
temperature [24]. They also studied the changes in the structural and electrical characteristics of the vacuum 
post annealed films. By reactive plasma deposition, Lu et al., [25] synthesized W-doped In2O3 films at room 
temperature for different O2/Ar ratios. The influence of annealing temperature on the structural, electrical and 
optical properties was also investigated [25]. Pan et al., reported the role of sputtering power and thickness on 
the structural, morphological and optoelectrical properties of W-doped In2O3 films at room temperature using 
reactive magnetron sputtering [20]. Samatov et al. [22] investigated the effect of tungsten doping percentage and 
fraction of O2 dilution in the sputtering gas on the optoelectrical and structural properties of RF sputtered In2O3 
films. Free electron concentration generated by the dopant tungsten and due to oxygen vacancies was also 
studied. Amorphous W-doped In2O3 films exhibiting smooth surface morphology were reported. 
This paper reports an in-depth analysis of the role of tungsten doping on the structural and morphological 
properties of highly crystalline RF sputtered In2O3 films at room temperature. Also, the effect of annealing at a 
temperature of 300 ºC on the properties of In2O3 films is investigated. Structural and morphological analyses 
were performed using techniques such as X-ray diffraction (XRD), micro–Raman spectroscopy, X-ray 
photoelectron spectroscopy (XPS) and atomic force microscopy (AFM). 
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Experiment 
Tungsten doped In2O3 films were fabricated by sputtering technique (RF magnetron). In2O3 powder 
(99.99% purity) was mixed with WO3 powder (99.99% purity) in desired proportions namely 0, 1, 2, 3 and 4 
wt%) and the well-grounded mixtures were used as sputtering targets. The deposition was carried out in a 
chamber evacuated to a base pressure of 4x10-6 mbar and under an argon pressure of 0.015 mbar for 40 minutes 
with an RF power of 120 W (magnetron power supply - Advanced Energy, MDX 500). The films were 
deposited on quartz substrates kept at distance of 5 cm from the target. The as-deposited films with tungsten 
doping concentrations (viz., 0, 1, 2, 3 and 4 wt%) are coded as IW0, IW1, IW2, IW3 and IW4 respectively and 
the films annealed in air at a temperature of 300ºC are coded as IW0(300), IW1(300), IW2(300), IW3(300) and 
IW4(300) respectively. Both the as-deposited and annealed films are used for characterization. 
The structure of the films was studied by X-ray diffractometer (Bruker AXS D8 Advance) using X-ray 
wavelength 1.5406 Å (Cu Kα1 radiation). The measurements were done in the 2θ range 20°-70° using Bragg-
Brentano geometry at a scan rate of 0.02° per minute. Raman spectra of the film samples were obtained using 
Labram HR-800 micro-Raman spectrometer (Horiba Jobin Yvon). An excitation radiation of 514.5 nm from 
argon ion laser was employed to record the spectra. Bruker-Dimension Edge atomic force microscope (Si tip on 
nitride lever having force constant 0.4 N/m) in ScanAsyst mode was used for surface profiling of the films. The 
oxidation states of the elements are estimated by X-ray photoelectron (XPS) spectrometer (Omicron 
Technology) with monochromatic AlKα (1486.7 eV) X ray source. CASA XPS software was used for the XPS 
data analysis.  
 
Results and discussion 
Fig. 1 shows the XRD patterns of the as-deposited tungsten doped In2O3 thin films with different levels of 
tungsten doping. As evidenced by the presence of intense peaks, XRD patterns suggest a polycrystalline nature 
for all the films. Earlier reports show that In2O3 films crystallize only at a temperature of ~ 150 ºC [26].  The 
deposition temperature is monitored using a thermo-couple and it shows that the temperature in the chamber 
during deposition was between 40-50 ºC. It is interesting to note that in the present study, the as-deposited films, 
though they are deposited on unheated quartz substrate, possess good crystalline quality. In sputtering systems, 
the sputtered particles may have high value of kinetic energy (~ several eV) and this may increase the surface 
migration of the particles to reach the substrate effectively to produce crystalline films [27]. Park et al. [28] 
4 
 
reported that continuous energetic ion bombardment can be the source of crystallization of films on unheated 
substrates.  
The XRD pattern of the IW0 film presents an intense peak at 2θ = 30.66°, a medium intense peak at 51.12° 
and five weak peaks at 2θ values 21.55°, 41.95°, 45.76°, 59.09° and 60.14°. These peaks belong to the cubic 
bixbyite structure of In2O3 and they can be indexed to lattice reflection planes (222), (440), (211), (332), (431), 
(541) and (622) respectively [JCPDS file No. 71-2195]. The presence of the hump like structure in the 2θ range 
20-30° and the less intensity of the XRD peaks indicate the less-crystalline nature of the undoped film. Tungsten 
doping in In2O3 lattice seems to have profound effect on its crystallinity which is quite evident from the 
intensity modification in the XRD patterns. The XRD intensity exhibited by the doped films are much higher 
than that of the undoped film. In all the as-deposited films, (222) peak shows the highest intensity indicating that 
<111> is the preferred direction of growth of crystallites in them.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. XRD patterns of as-deposited tungsten doped In2O3 films deposited on quartz substrate by RF magnetron 
sputtering technique. 
 
 
5 
 
A moderate doping of tungsten (i.e. 1 wt%) enhances the crystalline quality of the film drastically as 
evidenced by the very high intensity in the XRD pattern. Further increase in the tungsten doping results in a 
systematic decrease in the intensity of (222) peak (Fig. 3(a)). The intensities of the (222) peak in IW1, IW2, 
IW3 and IW4 are respectively 8.70, 6.86, 6.69 and 2.13 times that of IW0 film. This indicates that tungsten 
doping in In2O3 lattice improves its crystallinity even under as-deposited condition and the crystallinity of the 
IW1 film is superior compared to other films. Hence, the optimum value of tungsten doping to get high quality 
crystalline films in the as-deposited condition is 1 wt%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. XRD patterns of tungsten doped In2O3 films annealed at a temperature of 300 °C. 
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Fig. 2 represents the XRD patterns of the tungsten doped films annealed at a temperature 300 ºC. All 
the peaks in the XRD pattern of the annealed films can be indexed to the cubic bixbyite phase of In2O3. Also, in 
the annealed films <111> is the preferred direction of crystalline growth. Annealing of the films in air for 1 hour 
at a temperature 300 ºC enhances the intensity of the most intense peak (222) compared to that in the as-
deposited counter parts (Fig. 3(a)). Some additional peaks are also observed in the XRD patterns of all the 
annealed films. The enhancement in the XRD peak intensities as well as the appearance of additional peaks in 
the annealed films indicates an improvement in the crystallinity compared to the as-deposited films. 
Among the as-deposited films, the IW0 film shows the least value of XRD intensity. On annealing, its 
intensity enhanced by 6.25 times compared to that of as-deposited film. In the as-deposited film, there may be 
defects due to oxygen vacancy and other lattice disorders. On thermal annealing, oxygen vacancies get filled, 
lattice disorders decrease, stoichiometry improves and hence crystallinity increases. Compared to In2O3, WO3 is 
an oxygen rich entity. Doping of In2O3 with WO3 can provide more oxygen to the lattice and oxygen vacancies 
get filled and the film becomes more stoichiometric. This can be the reason for the improvement in crystallinity 
of the tungsten doped In2O3 films in the as-deposited conditions. But when the doping level increases beyond an 
optimum level, stress and defects in the film can increase and hence, the highest doped film IW4 shows the 
lowest XRD intensity among the doped as-deposited films. On thermal annealing, the stress gets released and 
defects may get reduced. Among the annealed films, IW4(300) film shows the highest intensity. The intensity of 
the (222) peak in IW4(300) film is about 5.09 times that of the IW4 film. 
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In the IW0 film, the (222) peak is observed at a 2θ value 30.66°. In the doped as-deposited films, this 
peak shift to lower 2θ values (Fig. 3(b)). In the IW0(300) film, the (222) peak is observed at a 2θ value 30.623°. 
Fig. 3. (a)Variation of intensity of (222) peak in the as-deposited and annealed films with tungsten doping 
concentration, (b), (c) variation of position of (222) peak with tungsten doping concentration for as-deposited 
and annealed films respectively, (d) variation of crystallite size in the as-deposited and annealed films with 
tungsten doping concentration and (e), (f) variation of lattice constant with tungsten doping concentration in 
the as-deposited and annealed films respectively. 
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In the IW0(300) film, this peak shifts to lower 2θ values while in other doped annealed films, this peak shifts to 
higher 2θ values (Fig. 3(c)). 
The lattice constant ‘a’ for a cubic system is calculated from the interplanar spacing d of the intense 
(222) peak by the following relation [29]:  
   2
222
2
1
a
lkh
d
++
=          (1) 
where  and are the Miller indices. The calculated values of lattice constant for the as-deposited and 
annealed films are shown in Fig 3(e) and 3(f) respectively and in Table 1. In the as-deposited films, the value of 
lattice constant increases due to tungsten doping compared to undoped film IW0. But in the annealed doped 
films, the value of lattice constant decreases except for IW1(300) film compared to the IW0 film. In the 
IW1(300) film, lattice constant shows a slight increase compared to the film IW0. The ionic radii of the different 
tungsten ions are: W4+ -0.066 nm [25], W5+-0.062 [30], W6+ -0.060 nm [25]. For all these tungsten ions, the ionic 
radii are less compared to that of In ions (In3+ -0.081 nm) [31]. The crystal lattice contracts and lattice constant 
decreases when dopant ions of smaller radii are substituted for host ions of larger radii [32]. But in the as-
deposited films, the observed values of lattice constant are not in line with this argument. The enhancement of 
the lattice constant suggests an expansion of the lattice. Meng et al. [33] observed higher values of lattice 
constant for Mo doped In2O3 films though the ionic radius of Mo6+ (0.062 nm) is smaller than that of In3+ ions 
(0.081 nm) [33]. Shukla et al. [34] also observed an expansion of lattice when ZnO is doped with Al3+ ions of 
lower ionic radii (0.53 Å) compared to that of Zn2+ ions (0.72 Å) for higher doping levels. They attributed this to 
the possibility of having Al3+ ions in the interstitial position. The lattice mismatch, strain effects and mismatch 
between the ions, impurities and defects can also lead to expansion of lattice [35-37]. Since the films are as-
deposited, the dopant ions may not have sufficient energy to diffuse into the appropriate In3+sites. But in the 
annealed films except for the IW1(300) film, the lattice constant shows lower values suggesting a contraction of 
lattice and substitution of In3+ sites by tungsten ions. On annealing, tungsten ions may get sufficient energy to 
diffuse into the appropriate In3+ sites and gets substituted. Also, thermal annealing reduces the defects and strain 
effects in the film. The value of the lattice constant observed for IW1(300) film is 1.0117 nm almost identical to 
the bulk In2O3 [1.0118 nm-JCPDS file No. 71-2195]. All the doped films annealed at 300°C show a lower value 
of lattice constant compared to their as-deposited analogues. 
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The mean value of the size of the crystallites hklD can be calculated by employing the following 
Scherrer equation using the peak position ( hklθ2 )  and the full width at half maximum in radians ( )hklβ  [38]:  
hklhkl
hklD θβ
λ
cos
9.0
=     (2) 
Here λ  is the X-ray wavelength. The calculated values of crystallite size in the as-deposited and annealed 
films are listed in Table 1 and the observed size suggests the nanostructured nature of the films. The effect of 
tungsten doping and thermal annealing on the mean size of the crystallites is illustrated in Fig 3(d). 
 
 The reduction in the size of the crystallites and strain in the films can broaden the XRD peaks. The 
strain free crystallite size ( )hklD '  can be determined by using Williamson-Hall (W-H) plot analysis by the 
following relation [39]: 
hkl
hkl
hklhkl D
k θηλθβ sin2cos +
′
=          (3) 
where  hklθ is the half of the diffraction angle, k is the correction shape factor which can be taken as 0.9 for 
spherical grains and η is the residual strain. W-H plots for the as-deposited and annealed tungsten doped In2O3 
films are shown in Fig. 3(g) and Fig. 3(h). The crystallite size and strain in the films are estimated from the 
linear fit of βcosθ versus sinθ.  The size of the crystallites and strain can be evaluated from the y-intercept and 
slope respectively. The dissimilarity in the crystallite size estimated using the Scherrer formula and WH-plot 
(Table I) manifests the presence of strain induced peak broadening in the films. 
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The vibrational analyses of the as-deposited and annealed tungsten doped In2O3 films are done using 
micro-Raman spectroscopy. The micro-Raman spectra of tungsten doped In2O3 films without annealing are 
W 
doping 
level 
(wt %) 
Lattice constant  
(nm) 
Crystallite size  
(nm) 
Lattice strain from W-H 
plot 
As-
deposited 
films 
Annealed 
films 
As-deposited films 
 
Annealed films As-
deposited 
films 
 
Annealed 
films 
From 
Scherrer 
formula 
From 
W-H 
plot 
From 
Scherrer 
formula 
From 
W-H 
plot 
0  1.0092 
±0.0255 
1.0105 
±0.0241 
30 
±1.15 
71 
±27 
34 
±1.44 
70 
±13 
0.0037 
±0.0010 
0.0032 
±0.0377 
1  1.0129 
±0.0219 
1.0117 
±0.0229 
31 
±1.49 
85 
±30 
31 
±1.49 
67 
±25 
0.0039 
±0.0010 
0.0033 
±0.0009 
2  1.0137 
±0.0212 
1.0075 
±0.0276 
31 
±1.56 
77 
±40 
27 
±0.93 
61 
±28 
0.0041 
±0.0017 
0.0040 
±0.0012 
3  1.0137 
±0.0212 
1.0101 
±0.0245 
32 
±1.61 
67 
±17 
28 
±1.13 
49 
±06 
0.0038 
±0.0010 
0.0037 
±0.0452 
4  1.0139 
±0.0210 
1.0073 
±0.0279 
32 
±1.63 
70 
±22 
28 
±0.95 
42 
±02 
0.0030 
±0.0012 
0.0028 
±0.0294 
Table I Structural parameters of as-deposited and annealed tungsten doped In2O3 films on quartz substrate by RF 
magnetron sputtering. 
 
Fig. 3. Williamson-Hall (W-H) plot of tungsten doped In2O3 films: (g) as-deposited (h) annealed at a 
temperature of 300 °C.  
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shown in Fig. 4(a). Two very low frequency sets at 103 and 130 cm-1, two low frequency sets at 302 and 366 
cm-1, and two high frequency sets at 494 and 629 cm-1 are reported as the vibrational modes for cubic bixbyite 
In2O3 phase by Gan et al. [40].  The presence of these modes in the Raman spectra of all the films supports the 
formation of cubic bixbyite In2O3 crystalline phase [41]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The band ~132 cm-1 in the undoped and doped films can be assigned to the vibration of In-O bond 
emerging from InO6 structural unit [40]. This mode shows the highest intensity in IW1 film. The medium 
intense band ~307 cm-1 can be related to the δ(InO6) bending vibration of InO6 octahedra [42]. The weak band at 
368 cm-1 can be assigned to the stretching vibrations of In-O-In which manifests the presence of oxygen 
vacancies in the structure [43]. The stretching vibrations ν(InO6) of InO6 octahedron results in the occurrence of 
bands ~ 495 and 628 cm-1 [42,43].  The bands ~604 and 830 cm-1 may have emerged from the quartz substrate 
[44,45]. All the expected vibrational modes of cubic bixbyite In2O3 structure is observed with moderate intensity 
in the Raman spectrum of IW1 film. Also, the vibrational modes obtained for the IW1 film are narrower 
compared to other tungsten doped films. This shows the better crystalline quality of the IW1 film compared to 
others. 
Fig. 4. Micro-Raman spectra of tungsten doped In2O3 films on quartz substrate by RF magnetron sputtering 
technique: (a) as-deposited (b) annealed at a temperature of 300 °C.  
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The micro-Raman spectra of tungsten doped In2O3 films annealed at a temperature of 300 °C are shown in 
Fig. 4(b). The spectra of all the films show sharper and more intense bands compared to that of the as-deposited 
films. This supports the improved crystalline nature of the annealed films.  
Fig. 5 depicts the typical 2D AFM micrographs of as-deposited and annealed tungsten doped In2O3 films. 
The AFM images of all the films reveal a smooth, dense distribution of smaller grains. The IW1 film presents 
slightly bigger grains compared to others. The AFM image of IW4 film shows the distribution of grains of two 
different sizes. In the IW4(300) film, the grains are of almost same size. The root mean square (rms) surface 
roughness values calculated using WSxM 5.0 develop 6.4 software [46] is found to be in the range 1.25-2.98 nm 
for the as-deposited films and in the range 1.63-2.27 nm for the annealed films. AFM analysis reveal a smooth 
surface morphology for all the films which is beneficial for optoelectronic applications. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 5. 2D AFM images of typical tungsten doped In2O3 films: as-deposited films (a) IW0, (b) IW1 and (c) IW4 
and annealed films (d) IW0(300), (e) IW1(300) and (f) IW4(300). 
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The chemical states of the elements in as-deposited tungsten doped In2O3 films are studied by XPS 
analysis. The acquired binding energies are calibrated using C 1s peak (284.8 eV) [47]. In 3d core level spectra 
of IW0, IW1 and IW4 films  (Fig. 6(a), 6(b) and 6(c) respectively) exhibit the spin orbital splitting resulting in In 
3d5/2 and In 3d3/2 peaks [48]. CASA XPS software is used to fit the peaks in the core level spectra. In 3d5/2 and 
In 3d3/2 peaks are observed at 444.38 and 451.97 eV respectively in the XPS spectrum of IW0 film. These peaks 
are observed at 444.51 and 452.08 eV respectively for the IW1 film and at 444.38 and 451.95 eV respectively 
for the IW4 film. The difference in binding energy of In 3d5/2 and In 3d3/2 in these films is found to be 7.57 eV 
which is in agreement with reported values [49,50]. A slight shift in In 3d5/2 and In 3d3/2 peaks to higher binding 
energy positions is observed for the IW1 film.   
The O 1s core level spectra of IW0, IW1 and IW4 films are shown in Fig. 6(d), 6(e) and 6(f) 
respectively. For the films, deconvolution of the peak in the O 1s region yields two components- low binding 
energy component O(I) and high binding energy component O(II). Beena et al. obtained two components in the 
O 1s spectra ~529.49 eV and 531.05 eV for In2O3 films prepared at a substrate temperature of 300 K [51]. For 
undoped film, O(I) can be related to oxygen in the In2O3 lattice [52] and for tungsten doped films, O(I) can be 
related to oxygen in the In2O3 or WO3 lattice [53,54]. O(II) can be correlated with oxygen in oxygen deficient 
regions [51,55]. For the undoped film IW0, the components are centred at 529.49 (O(I)) and 531.38 eV (O(II)). 
O(I) and O(II) peak positions of the IW1 film are at 530.02 and 531.68 eV respectively and for the film IW4, 
these peaks are at 529.73 and 531.51 eV respectively. The O 1s peaks in the tungsten doped films are observed 
at relatively higher binding energy positions compared to those in IW0 film. The intensity of O(I) and O(II) 
peaks and the area ratio (OII / OI) for the films IW0, IW1 and IW4 are given in Table II. 
 
 
 
Sample 
code 
Binding energy positions (eV) O(I) 
(%) 
O(II) 
(%) 
Area ratio 
O(II)/ O(I) 
In 3d5/2 In 3d3/2 O(I) O(II) W 4f7/2 W 4f5/2 
IW0 444.38 451.97 529.49 531.38 - - 22.57 77.43 3.43 
IW1 444.51 452.08 530.02 531.68 35.32 37.27 47.46 52.54 1.11 
IW4 444.38 451.95 529.73 531.51 35.10 37.13 32.90 67.10 2.03 
 
 
 
Table II Binding energy positions of In, O and W components, intensities of oxygen components and area 
ratio of high energy peak (OII) to low energy peak (OI) of O 1s from XPS data for typical as-deposited 
tungsten doped In2O3 films- IW0, IW1 and IW4.  
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The values of intensities of O(I) and O(II) peaks show considerable variation with tungsten doping 
concentration. The value of intensity of the O(I) peak is highest for the IW1 film and the lowest for the IW0 
Fig. 6. In 3d core level spectra of typical as-deposited tungsten doped In2O3 films deposited by RF magnetron 
sputtering technique: (a) IW0, (b) IW1 and (c) IW4. O 1s core level spectra of typical as-deposited tungsten 
doped In2O3 films: (d) IW0, (e) IW1 and (f) IW4. W 4f XPS spectra of typical as-deposited tungsten doped 
In2O3 films: (g) IW1 and (h) IW4. 
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film. The intensity of the O(II) peak is lowest for the IW1 film and highest for the IW0 film. The intensity 
variation of O(II) peak can be an indication of the variation of concentration of oxygen vacancies in the films. 
For the films IW0, IW1 and IW4, the area ratio 



)(
)(
IO
IIO is found to be 3.43, 1.11 and 2.03 respectively. 
The high value of the area ratio manifests the presence of large number of oxygen vacancies [56,57]. In the 
present case, this ratio is higher for the undoped film compared to the doped films IW1 and IW4. This implies 
that the undoped film is highly oxygen deficient. Among the doped films, 



)(
)(
IO
IIO
 is the lowest for the 
film IW1 and this indicates a reduction in the concentration of oxygen vacancies in this film. In indium zinc 
oxide films, Kumar et al. [58] reported a decrease in the area ratio 



)(
)(
IO
IIO with increase in the atomic 
ratio [Zn/(Zn+In)]. They attributed this decrease to the enhancement in film crystallinity with increase in atomic 
ratio. For Zn doped In2O3 nanopyramids, Bartolome et al. observed an increase in the lower binding energy 
component of oxygen (O(I)) in regions with high Zn concentration and attributed this to the crystallinity 
improvement with increasing Zn concentration [59]. The increase in the concentration of O(I) component and 
the low value of area ratio observed for the IW1 film implies an improvement in crystallinity of this film which 
is in accordance with the XRD analysis. An enhancement in the intensity of In 3d peaks is also observed for the 
film IW1 compared to other doped films. The reduction in the O(I) component and the increase in the area ratio 
for the film IW4 supports the declination in crystallinity at higher doping concentration.  
Fig. 6(g) and 6(h) show the W 4f core level spectra of the typical tungsten doped In2O3 films-IW1 and 
IW4 respectively. By the deconvolution of W 4f peak, a doublet is obtained with binding energies of 35.32 and 
37.27 eV for the IW1 film and at 35.10 and 37.13 eV for the IW4 film respectively. The higher binding energy 
component at 37.27 eV observed for the IW1 film and that at 37.13 eV for the IW4 film (Fig. 6(g) and 6(h)) can 
be ascribed to W 4f5/2 level. The lower binding energy component at 35.32 eV for the film IW1 and that at 35.10 
eV (Fig. 6(g) and 6(h)) for the IW4 film can be attributed to W 4f7/2 level. These peaks indicate the presence of 
tungsten in 5+ oxidation state [60]. For the IW4 film, a slight shift in the positions of W 4f5/2 and W 4f7/2 peaks 
towards lower binding energy is observed compared with that of the IW1 film. 
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 The present study focuses on the effect of tungsten doping and annealing at a temperature of 300 ºC 
on the structural and morphological properties of In2O3 films synthesized at room temperature. XRD and Raman 
analysis reveals that both the as-deposited films and annealed films possess cubic bixbyite structure and exhibit 
strong preferred orientation along (222) plane. Tungsten doping and post-annealing of the films have profound 
effect on the crystallinity of In2O3 films. The deposition of films with smooth morphology is illustrated by AFM 
images. Incorporation of tungsten in the In2O3 lattice is supported by XPS analysis. XPS analysis reveals the 
presence of W5+ state in the tungsten doped films.  
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